We demonstrate that metabotropic glutamate receptor 5 (mGluR5) is present in the guinea pig ileum. A punctate ring-like distribution of immunoreactivity is found on the soma of a subset of neurons, consistent with an association of mGluR5 with the plasma membrane. mGluR5-containing cells in the submucosal plexus are predominantly noncholinergic and contain vasoactive intestinal peptide, a marker of secretomotor neurons. Using immunocytochemistry in conjunction with confocal microscopy, we show that the mGluR5 undergoes agonist-and reflex-evoked internalization that is inhibited by the group I antagonist 1-aminoindan-1,5-dicarboxylic acid. In addition, group I mGluR antagonists reduce the distensioninduced phosphorylation of cAMP-responsive element-binding protein in enteric neurons and attenuate both glutamate-and group I agonist-induced depolarizing responses and slow synaptic events in submucosal neurons. These findings support the idea that mGluRs play a role in enteric reflexes and suggest that internalization might be a major mechanism for regulation of mGluR activity.
The gut is the only organ that is capable of manifesting reflex activity in the absence of input from the brain or spinal cord. Intrinsic reflexes occur in the bowel because primary afferent neurons and interneurons, in addition to the motoneurons that innervate effector cells, are all present in the enteric nervous system (ENS) (Furness et al., 1994; Gershon et al., 1994) . The complexity of the functions controlled by the ENS is reflected in an equally complex organization that resembles that of the CNS more than the remainder of the peripheral nervous system. Many different classes of neurotransmitter have been found in the gut, including glutamate , the major excitatory neurotransmitter of the brain.
Enteric neurons express the neuronal glutamate transporter EAAC1 , and both NMDA (Burns et al., 1994; Burns and Stephens, 1995; Liu et al., 1997) and non-NMDA (AMPA and kainate) receptors , and a subset of enteric neurons that have been demonstrated previously to be sensory (Bornstein and Furness, 1988; Kirchgessner et al., 1992) are glutamatergic. Pharmacological studies are also consistent with the idea that neurogenic motile (Wiley et al., 1991) or secretory (Rhoads et al., 1995) responses of the gut involve enteric glutamatergic receptors. Moreover, excessive activation of glutamate receptors causes excitotoxicity in the gut .
The ENS probably also contains metabotropic glutamate receptors (mGluR), which are members of the G-protein-coupled receptor family. A delayed slow depolarization, which resembles a G-protein-dependent effect (Bertrand and Galligan, 1995) , is produced in myenteric neurons by application of glutamate . At present, eight different mGluRs have been cloned, termed mGluR1-mGluR8 (Pin and Duvoisin, 1995) . On the basis of their sequence similarity, pharmacology and signal transduction mechanisms, mGluRs have been classified into three groups. Group I receptors (mGluR1␣ and mGluR5), which are coupled to phospholipase C, activate protein kinase C and release Ca 2ϩ from intracellular stores (Masu et al., 1991; Abe et al., 1992; Aramori and Nakanishi, 1992) . Group II (mGluR2 and mGluR3) and group III (mGluR4 and mGluR6 -mGluR8) receptors are negatively coupled to adenylase cyclase.
In the present study, we demonstrate that mGluR5 is present in the guinea pig gut, and we show that mGluR5 represents receptors that undergo agonist-and reflex-evoked internalization. Blockade of group I mGluRs prevents internalization, reduces the distension-induced phosphorylation of cAMP-responsive element-binding protein (pCREB) in enteric neurons, and inhibits both glutamate-and group I agonist-induced depolarizing responses and slow excitatory synaptic events in submucosal neurons. These findings are consistent with the idea that mGluRs play a role in enteric reflexes and suggest that internalization might be a major mechanism for regulation of mGluR activity.
Parts of this work have been published previously in abstract form Liu et al., 1998) .
MATERIALS AND METHODS
T issue preparation. Male guinea pigs (350 -450 gm) were killed by C O 2 inhalation followed by decapitation. This procedure has been approved by the Animal C are and Use Committee of State University of New York Health Science C enter at Brooklyn. The bowel was removed and washed with oxygenated (95% O 2 -5% C O 2 ) Krebs' solution of the following composition (in mM): NaC l 121, KC l 5.9, C aC l 2 2.5, NaHC O 3 14.3, NaH 2 PO 4 1.3, MgC l 2 1.2, and glucose 12.7.
Dissociation and culture of myenteric neurons. Guinea pig myenteric ganglia were isolated (Yau et al., 1989) and plated in the center of Matrigel (Becton Dickinson, Bedford, M A) and laminin (10 g /ml;
Boehringer Mannheim, Indianapolis, I N) -coated glass coverslips (12 mm 2 ) and grown in 5% CO 2 with DM EM-F12K (Life Technologies, Grand Island, N Y) supplemented with 10% (v/ v) heat-inactivated fetal bovine serum (Life Technologies), 10% (v/ v) chick embryo extract, penicillin -streptomycin (100 U/ml and 100 g /ml; Life Technologies), gentamicin (50 g /ml; Life Technologies), and cytosine arabinoside (10 M; Sigma, St. L ouis MO).
Demonstration of mGluR5 immunoreactivit y. Whole-mount preparations were generated (K irchgessner and Gershon, 1988) and exposed to PBS containing 0.5% Triton X-100 and 4% horse serum for 30 min. mGluR5 immunostaining was performed using an antibody raised against a C -terminal 21 amino acid peptide (diluted 1:1000) (Brakeman et al., 1997) . mGluR5 was detected by donkey anti-rabbit secondary antibodies coupled to indocarbocyanine (C y3) (1:2000; Jackson ImmunoResearch, West Grove, PA) or fluorescein isothiocyanate (FI TC; 1:200; K irkegaard and Perry, Gaithersburg, MD). Tissues were washed in PBS and then mounted with Vectashield (Vector Laboratories, Burlingame, CA). Elimination of the primary antibody or preabsorption with the immunogenic peptide blocked staining.
The neurochemistry of cells that display mGluR5 immunoreactivity were identified by using primary antibodies raised in different species in conjunction with species-specific secondary antibodies [goat anti-mouse (K irkegaard and Perry) or donkey anti-goat and donkey anti-rat (diluted 1:200; Jackson ImmunoResearch)] coupled to C y3 (1:2000). Primary antibodies were against calbindin (mouse monoclonal; diluted 1:100; Sigma) (K irchgessner and Liu, 1999) , calcitonin gene-related peptide (CGRP) (mouse monoclonal; diluted 1:200; Chemicon, Temecula, CA) (K irchgessner and Liu, 1999) , choline acetyltransferase (ChAT) (goat polyclonal; diluted 1:1000; Chemicon) (K irchgessner and Liu, 1998) , substance P (SP) (rat monoclonal; diluted 1:1000; Accurate Chemicals, Westbury, N Y) (K irchgessner and Liu, 1999) , or vasoactive intestinal polypeptide (V I P) (mouse monoclonal; diluted 1:500; C URE /Gastroenteric Biology C enter, Antibody/ RIA Core, L os Angeles, CA) (Wong et al., 1996) . Preparations were examined by using an L SM 410 laser scanning confocal microscope (Z eiss, Thornwood, N Y) with a kryptonargon laser attached to a Z eiss Axiovert 100 TV microscope.
Agonist-induced internalization of mGluR5. Dissociated neurons were incubated in culture medium with the group I mGluR agonist ( S)-3,5-dihydroxyphenylglycine (DHPG) (30 M) for 1 hr at 4°C, to allow binding to receptors. Tetrodotoxin (TTX) (1 nM) was included in the culture medium to allow the majority of the receptor to locate on the cell surface (Southwell et al., 1998) . C ells were then rinsed and incubated in DHPG-free medium at 37°C for 1 hr for internalization (Southwell et al., 1998) . To label surface-expressed receptors, cells were incubated with an antibody (N-mGluR5) raised against an extracellular epitope of mGluR5 (amino acids 365-380) (Roche et al., 1999) . Neurons were incubated with N-mGluR5 (6 g /ml) on ice (1 hr), washed in PBS, and fixed (30 min). The effect of the group I mGluR antagonist 1-aminoindan-1,5-dicarboxylic acid (AI DA) (10 M) on agonist-induced internalization was determined by coapplication of AI DA and DHPG. E xperiments on cultured neurons were repeated at least three times with two coverslips per observation.
Refle x -induced internalization of mGluR5. Segments of ileum (n ϭ 4) were removed, placed in Krebs' solution containing nifedipine (1 M) and scopolamine (1 M) to prevent movement of smooth muscles, and cut open along the mesenteric border. Each piece of gut was pinned, mucosal side up, in a Sylgard-coated Petri dish. The preparation was then stimulated by exposing the mucosa to vigorous bubbling with carbogen, according to the method of Southwell et al. (1998) . Segments of gut were fixed without bubbling (control) or after 15 min with villous agitation in the presence or absence of AI DA (10 M).
For quantification of receptor internalization, mGluR5-immunoreactive cells were imaged by confocal microscopy. The presence of receptor on the surface and in the cytoplasm was recorded. Internalization was said to have occurred when five or more clumps of fluorescence were present in the cytoplasm in a single optical section (Southwell et al., 1998) .
CR EB phosphor ylation. Segments of guinea pig ileum were isolated and placed in Krebs' solution, as above. Intraluminal pressure was increased by inflating a stationary intraluminal balloon (Fogarty Biliary Balloon Probe; American Edwards Laboratories, Santa Ana, CA) with 0.05-0.45 ml of Krebs', as described previously (K irchgessner et al., 1996; K irchgessner and Liu, 1999) . In additional segments of bowel, distension of the balloon was performed in the presence of AI DA (10 M). At the end of the stimulation period, the tissues were transferred to ice-cold Krebs', pinned flat (mucosal side up) and fixed, as above.
Preparations of gut were incubated in rabbit anti-rat pCREB (diluted 1:1000; New England Biolabs, Beverly, M A) overnight at 4°C (K irchgessner and Liu, 1999) . The pCREB antibody is specific for CREB phosphorylated on Ser 133 . After washing, preparations were incubated with donkey anti-rabbit secondary antibodies coupled to C y3 (1:2000; Jackson ImmunoResearch) for 3 hr. ChAT or calbindin was located simultaneously with pCREB by incubating the tissues with speciesspecific secondary antibodies coupled to FI TC (diluted 1:200; Jackson ImmunoResearch). The number of pCREB-immunoreactive nuclei per enteric ganglion was determined as described previously (K irchgessner and Liu, 1999) .
Intracellular electrophysiolog y. Intracellular recordings were obtained with a Axoclamp 2B amplifier (Axon Instruments, Foster C ity, CA) from submucosal neurons using glass microelectrodes filled with 2.0 M KC l (tip resistance of 80 -180 M[SCAP]⍀). C ells were classified according to established criteria . The input resistance of the impaled cell was determined by injection of a 0.1-0.9 nA hyperpolarizing current pulse (40 -100 msec duration). Synaptic potentials were evoked by focal electrical stimulation of interganglionic fiber tracts (20 Hz for 500 msec to 1 sec) with monopolar extracellular electrodes made from Teflon-insulated platinum wire (25 m diameter). Data were recorded with a personal computer and Axoscope software (Axon Instruments). Data are expressed as means Ϯ SEM.
Compounds were either applied to neurons by ejection with pressure from a micropipette (ϳ5.0 m diameter) filled with a 20.0 mM solution or by addition to the fluid superf using the preparations. Compounds used included the following: (1) 
RESULTS

Distribution of mGluR5 immunoreactivity in the guinea pig ileum
mGluR5 immunoreactivity was found in both enteric plexuses and the interganglionic connectives. A punctate ring-like distribution of immunoreactivity was found on the soma of a subset of neurons, consistent with an association of mGluR5 with the plasma membrane. In the submucosal plexus, the majority of mGluR5-postitive cells did not display ChAT immunoreactivity (Fig. 1 A, B) ; therefore, they are predominantly noncholinergic. In addition, mGluR5-immunoreactive neurons did not contain CGRP or SP, which are found in submucosal primary afferent neurons ( Fig. 1C1,C2 ; Kirchgessner et al., 1992; Grider, 1994) . mGluR5-containing neurons displayed VIP immunoreactivity ( Fig. 1 D1,D2 ), which is a marker of noncholinergic secretomotor neurons (Keast, 1987) . mGluR5 immunoreactivity was also found in the myenteric plexus. Clusters of mGluR5 immunoreactivity encircled a subset of myenteric neurons, some of which contained the calcium binding protein calbindin (Fig. 1 E, F ) . The majority of mGluR5 neurons did not contain calbindin.
Agonist-induced internalization of mGluR5
Many G-protein-coupled receptors internalize on prolonged exposure to agonist (Grady et al., 1997) . In view of the association of mGluR5 with the plasma membrane, we examined whether mGluR undergoes agonist-induced internalization. Dissociated myenteric neurons were incubated with the group I-specific mGluR agonist DHPG (30 M) at 4°C, washed, and warmed to 37°C. Confocal images were obtained to examine the distribution of N-mGluR5 immunoreactivity. At 4°C, N-mGluR5 immunoreactivity was confined to the plasma membrane of the soma, as reported previously (Roche et al., 1999) (Fig. 2 A) . Plasma membrane-associated fluorescence had a punctate appearance. No fluorescence was detected in the nucleus. DHPG, within a 30 min period at 37°C, caused N-mGluR5 immunoreactivity to be localized in numerous endosomes in the soma (Fig. 2 B) . The internalization induced by DHPG was blocked by coapplication of the group I mGluR antagonist AIDA (10 M) (Fig. 2C ). These results demonstrate that mGluR5 represents receptors that are internalized after exposure to agonists.
Reflex-induced internalization of mGluR5
To clarify whether endocytosis of mGluR5 occurs in vivo, we determined whether mGluR5 became internalized during enteric reflex activity. Mucosal stimulation evokes reflexes that affect gut motility and has been shown to induce internalization of the neurokinin 1 receptor in enteric neurons (Southwell et al., 1998) . Whole mounts of ileum were pinned out, mucosal side up, without movement of the villi for 30 min, and then the villi were moved by bubbling with carbogen. In control preparations, mGluR5 immunoreactivity was confined to the plasma membrane of noncholinergic submucosal neurons (Fig. 2 D) , as described above. Movement of the villi resulted in the internalization of receptor in 80.0 Ϯ 3.0% of mGluR5-positive submucosal cells (Fig. 2 E) . After treatment of the preparations with AIDA (10 M), the distribution of mGluR5 was again associated with the membrane (Fig. 2 F) , and only 5.3 Ϯ 2.4% of mGluR5-positive neurons contained clumps of receptor in the cytoplasm (Fig. 2 F) .
Effects of AIDA on distension-induced pCREB expression
To determine whether the mGluR5 would be activated endogenously during enteric reflexes, we examined the effects of AIDA on the reflex-evoked activation of enteric neurons. Inflation of an intraluminal balloon was used to apply pressure to the mucosa and evoke pressure-sensitive reflexes Kirchgessner and Liu, 1999) , and physiologically excited cells were visualized by demonstrating pCREB immunoreactivity (Kirchgessner and Liu, 1999) .
As reported previously (Kirchgessner and Liu, 1999) , a subset of neurons expressed pCREB immunoreactivity in both submucosal (Fig. 3G ) and myenteric ganglia (Fig. 3H ) when the lumen of the gut was distended (n ϭ 5 experiments). In the submucosal plexus, 3.4 Ϯ 0.5 pCREB-positive nuclei per ganglion were found. The expression of distension-induced pCREB immunoreactivity was significantly reduced by AIDA (10 M) (Fig. 2 I, J ) . In the presence of AIDA, only 0.4 Ϯ 0.2 nuclei per ganglion (n ϭ 50 ganglia from four experiments) exhibited pCREB immunoreactivity in the submucosal plexus, significantly less than in controls ( p Ͻ 0.01). In double-labeled preparations, 52.2 Ϯ 2.3% of ChAT-immunoreactive (Fig. 2G) submucosal neurons exhibited pCREB immunoreactivity after distension. In the presence of AIDA, pCREB immunoreactivity was found in the nuclei of 8.2 Ϯ 1.8% of ChAT-positive cells (n ϭ 100 ChAT-positive cells) (Fig. 2 I) . In the myenteric plexus, 100 Ϯ 2.3% of calbindinimmunoreactive neurons exhibited pCREB immunoreactivity after distension (Fig. 2 H) . No pCREB-calbindin-immunoreactive neurons were found in gut treated with AIDA (n ϭ 200 calbindin-positive cells) ( Fig. 2 J) ; however, pCREB immunoreactivity was found in a small subset of neurons that did not contain calbindin.
Glutamate and group I mGluR-specific agonists evoke a depolarizing response in submucosal neurons
Intracellular records were obtained from submucosal neurons (n ϭ 65; resting membrane potential, Ϫ51.50 Ϯ 0.79 mV; input resistance, 124.35 Ϯ 4.80 M⍀) to determine whether, as the immunocytochemical data outlined above suggests, these cells express functional group I mGluRs. Recordings were obtained from S-type cells because they contain VIP (Jiang et al., 1993) and appear to express mGluR5 (see above). In current clamp, using TTX (300 nM) to eliminate possible presynaptic effects of the drug, microejection of glutamate evoked a slow depolarization (6.57 Ϯ 0.64 mV), associated with spike activity, in most of the neurons examined (22 of 25, 88%) (Fig. 3 A, D) . Effects of glutamate on input resistance were variable (Ϫ23.0 -21.9% of control). Depolarizing responses were evoked by the mGluR5-selective agonist CHPG (4.5 Ϯ 0.8; n ϭ 5) (Fig. 3B) , and input resistance increased (16.3 Ϯ 2.5 of control). In addition, depolarizing responses were evoked by DHPG (5.8 Ϯ 0.9 mV; n ϭ 10) (Fig. 3C ) and quisqualate (6.9 Ϯ 0.6; n ϭ 5). Input resistance increased to 14.1 Ϯ 3.4 and 2.5 Ϯ 0.9% of control, respectively. Superfusion of the group I antagonist S-4CPG dose-dependently reduced the depolarizing response to glutamate to 74.10 Ϯ 3.39% (10 M; n ϭ 4), 59.23 Ϯ 4.51% (100 M; n ϭ 4), and 43.09 Ϯ 5.61% (500 M; n ϭ 4) of the control ( p Ͻ 0.05) (Fig. 3A) . S-4CPG also reduced the membrane depolarization evoked by CHPG (n ϭ 3) (Fig. 3B) . Depolarizing responses to DHPG were suppressed by the group I antagonist AIDA (n ϭ 4) (Fig. 3C) . In contrast, depolarizing responses to group I agonists were not affected by superfusion of the group II antagonist MCCG (100 M; n ϭ 3). These findings support the idea that glutamate exerts its excitatory effects in the submucosal plexus by recruiting group I mGluRs to directly modulate postsynaptic membrane properties.
To determine whether depolarizing responses to glutamate involved mGluR5 receptors, we examined the effects of the selective mGluR5 antagonist MPEP Salt et al., 1999) . MPEP dose-dependently reduced the slow depolarizing response to superfusion of glutamate (10 M) to 84.16 Ϯ 3.26% (1 M; n ϭ 3), 65.60 Ϯ 7.64% (10 M; n ϭ 3), and 62.55 Ϯ 4.36% (100 M; n ϭ 3) of the control ( p Ͻ 0.05) (Fig. 3D) . MPEP also reduced the depolarizing response evoked by superfusion of CHPG (1 mM) to 59.33 Ϯ 1.26% of the control (n ϭ 3; p Ͻ 0.05). Moreover, MPEP concentration-dependently decreased the amplitude of slow EPSPs to 74.37 Ϯ 3.90% (1 M; n ϭ 9), 63.77 Ϯ 5.21% (10 M; n ϭ 9), and 54.39 Ϯ 6.12% (100 M; n ϭ 12) of the control ( p Ͻ 0.05) (Fig. 3E) . Thus, mGluR5 contributes, at least in part, to slow responses evoked by glutamate and slow synaptic excitation of submucosal neurons. 
DISCUSSION
The present experiments show that functional group I mGluRs are present in the ENS and demonstrate that they undergo agonist-and reflex-evoked internalization. Neurons in both the myenteric and submucosal plexus displayed clusters of mGluR5 immunoreactivity that were localized on the plasma membrane. Exposure to the group I mGluR agonist DHPG induced a loss of membrane fluorescence in cultured neurons, which was blocked by coapplication of the group I mGluR antagonist AIDA. This finding indicates that agonist binding induces internalization of mGluR5, similar to other G-protein-coupled receptors.
Studies on whole mounts of ileum demonstrate that agitation of the villi by bubbling is sufficient to induce mGluR5 internalization in submucosal neurons. The internalization is almost certainly caused by the release of glutamate from neurons, because endogenous glutamate is only present in neurons in the guinea pig ileum . Thus, reflexes that are evoked by villous agitation, which must use intrinsic primary afferent neurons, interneurons, and motoneurons (Gershon et al., 1994) , can be deduced to involve glutamatergic neurons that act on neurons that express mGluR5. Submucosal intrinsic primary afferent neurons appear to be a likely source for glutamate released onto mGluR5 in the ENS. These neurons are glutamatergic, and glutamatergic nerve fibers innervate both submucosal and myenteric ganglia . The finding that AIDA blocked the reflex-evoked internalization of mGluR5 and reduced the expression of pCREB in enteric neurons evoked by distension of the gut lumen provides further support for the idea that group I mGluRs participate in enteric reflexes. Moreover, the finding that the selective mGluR5 antagonist MPEP reduced stimulus-evoked slow EPSPs in submucosal neurons supports the idea that mucosal stimulation is activating mechanosensitive pathways that use mGluR5 to excite neurons in submucosal ganglia.
mGluR5-positive neurons in the submucosal plexus were predominantly noncholinergic and contained VIP, a marker of secretomotor cells (Keast, 1987) . Their function is to stimulate the secretion of water and electrolytes into the intestinal lumen (Cooke, 1998) . Both asparagine and glutamate are stimulants of Cl Ϫ secretion (Rhoads et al., 1995) . VIP-containing submucosal neurons are S-type cells (Jiang et al., 1993) . Consistent with the demonstration that these cells display mGluR5 immunoreactivity, glutamate and group I mGluR-specific agonists evoked a slow depolarizing response in S-type neurons. The response was blocked by the group I mGluR antagonists S-4CPG, AIDA, and MPEP. In addition, MPEP suppressed stimulus-evoked slow EPSPs in S-type cells. Thus, secretomotor neurons express functional group I mGluRs that mediate a slow depolarizing response to glutamate, and slow synaptic excitation of these cells involves mGluR5. Activation of mGluR1 may also be involved, because guinea pig submucosal neurons express the mGluR1␣ subtype .
A subset of mGluR5-positive neurons in the myenteric plexus contained calbindin. Calbindin is found in ϳ80% of neurons that exhibit a pronounced afterhyperpolarization (AH), which is caused by the activation of a Ca 2ϩ -activated K ϩ conductance. Neurons with AH-type behavior are considered intrinsic primary afferent neurons in the guinea pig ileum . Glutamate evokes both fast and slow depolarizing responses in AH-type neurons . The fast response appears to be mediated by AMPA receptors because it is blocked by AMPA receptor antagonists and potentiated by cyclothiazide. The slow response has been attributed to NMDA receptors, because it is mimicked by NMDA and reduced by NMDA antagonists. The presence of mGluR5 immunoreactivity on a subset of calbindinpositive cells suggests that slow responses to glutamate could also be attributable to activation of group I mGluRs. mGluR5 immunoreactivity was also found on myenteric neurons that did not contain calbindin. These cells consist of interneurons and motoneurons that innervate smooth muscle (Furness et al., 1994; Costa et al., 1996) , and activation of mGluRs on these cells would be expected to modulate motility. The presence of mGluRs on different subsets of enteric neurons suggests that mGluR-mediated glutamate responsivity is not limited to AH neurons, a suggestion that was confirmed by the observation that S neurons also exhibited slow responses to glutamate.
In summary, this study demonstrates for the first time that mGluRs undergo agonist-and reflex-evoked internalization. Internalization might be a major mechanism for regulation of mGluR activity. What causes the internalization of mGluR in enteric neurons is not known; however, a clathrin-dependent, mGluR-mediated internalization pathway has been demonstrated in olfactory receptor neurons (Rankin et al., 1999) . Future experiments will determine whether similar mechanisms underlie the internalization of mGluR5.
